Mechanical ventilation, a fundamental therapy for acute lung injury, worsens pulmonary vascular permeability by exacting mechanical stress on various components of the respiratory system causing ventilator associated lung injury. We postulated that MK2 activation via p38 MAP kinase induced HSP25 phosphorylation, in response to mechanical stress, leading to actin stress fiber formation and endothelial barrier dysfunction. We sought to determine the role of p38 MAP kinase and its downstream effector MK2 on HSP25 phosphorylation and actin stress fiber formation in ventilator associated lung injury.
Introduction
Acute lung injury (ALI) is a devastating illness with an annual incidence of 200,000 in the United States and a mortality rate of 40% [1] . Most commonly seen in the setting of sepsis, ALI is a complex syndrome marked by increased vascular permeability resulting in tissue edema and profound hypoxia [2] . Mechanical ventilation (MV), a mainstay treatment for ALI, potentially contributes to and worsens permeability by exacting mechanical stress on various components of the respiratory system causing ventilator-associated lung injury (VALI) [3, 4] . A recent trial demonstrated a significant improvement in survival in patients ventilated with low (LV T ) compared to high tidal volumes (HV T ) [5] . Other than ventilating at lower tidal volumes, which presumably imparts lower mechanical stress, there is little mechanistic understanding of the pathophysiology and no directed therapies for VALI.
Mitogen activated protein (MAP) kinases are a family of stress activated enzymes (p38 MAP kinase, JNK, and ERK1/2) that initiate signaling cascades in response to external stimuli. Several recent publications have implicated p38 MAP kinase in the pathogenesis of VALI [6, 7, 8] . In addition, our laboratory has previously shown that MAP kinase activated protein kinase 2 (MK2, immediately downstream of p38 MAP kinase) leads, when activated, to heat shock protein 27 (HSP27) phosphorylation and subsequent reorganization of the actin cytoskeleton to form stress fibers [9] . HSP27 normally prevents actin polymerization by binding to G-actin monomers. However, when phosphorylated, HSP27 loses its monomeric actin binding function leading to polymerized F-actin and stress fiber formation [10] . It is well recognized that actin cytoskeletal reorganization plays a pivotal role in mediating endothelial cell barrier function and permeability such that actin polymerization and actin stress fiber formation result in increased vascular permeability by inducing paracellular gaps [11, 12, 13, 14, 15] .
In vitro, p38 MAP kinase mediates actin stress fiber formation, paracellular gaps [16] , and endothelial barrier dysfunction [10, 14, 17, 18] , via activation of its downstream effector MK2 and phosphorylation of HSP27 [9, 10] . Despite these provocative in vitro observations on the role of p38 MAP kinase on actin dynamics and endothelial barrier dysfunction, and in vivo reports associating p38 MAP kinase activation with vascular permeability in VALI [19] , the contribution of downstream effectors, i.e. MK2 and HSP25 (the mouse homologue of HSP27), in the development of pulmonary vascular dysfunction in VALI are unknown. Therefore, we tested the hypothesis that p38 MAP kinase and its downstream effector MK2 are critical for HSP25 phosphorylation and actin stress fiber formation in VALI.
Materials and Methods
The Johns Hopkins University Institutional Animal Care and Use Committee approved all animal protocols. Fully detailed methods and protocols are available in the online supplement, Supplemental Data S1.
Experimental protocol and animal exposure to MV
Male C57BL/6J (wild type) mice aged 10-12 weeks (Jackson Laboratory, Bar Harbor, ME) were randomly exposed to spontaneous breathing (control), LV T (7 ml/kg) or HV T (20 ml/kg) MV (Harvard Apparatus, Boston, MA) up to 4 hrs with slight modifications from previously described methods [19] . For certain experiments, MK2 2/2 mice of similar background strain were used. In general MK2
2/2 mice are viable, fertile, grow to normal size, and do not exhibit any obvious physical or behavioral defects [20] .
Drug delivery
A subset of mice received SB203580 (p38 MAP kinase inhibitor, 2 mg/kg, IP) from Sigma (St. Louis, MO), KKKALNRQLGVAA (MK2 inhibitor, 2 mg/kg, IP) from Calbiochem (San Diego, CA) or a similar volume of vehicle (DMSO) 1 hr before exposure to MV. The dose, route and timing of these treatments were based on reported half-life for these agents, prior publications and preliminary experiments demonstrating efficacy [6, 21] . To our knowledge, the MK2 inhibitory peptide has not been used in vivo. As such, the dosing of this peptide was chosen based on preliminary experiments showing inhibition of HSP25 phosphorylation.
Assessment of pulmonary capillary permeability
Evans blue dye (EBD, 20 mg/kg) dissolved in PBS containing 4% BSA was injected into the external jugular vein 60 min before termination of the experiment, and extravasated EBD concentration in lung homogenates was calculated against a standard curve and reported as mg of EBD per lung as previously described [22, 23, 24] . Wet-to-dry lung weight ratios were calculated as previously described [25] .
Immunoblot analysis
Twenty five mg of protein from lung tissue homogenates were probed for phospho-specific antibodies directed at p38 MAP kinase, MK2, and HSP25, along with anti-total antibodies as recommended by the manufacturer (p38 MAP kinase and MK2 from Cell Signaling, Boston, MA, and HSP25 from Abcam, Cambridge, MA).
Assessment of actin polymerization
After flushing free of blood, lungs were inflated with 0.6% lowmelting agarose, harvested and fixed overnight in 10% buffered formalin before being embedded in paraffin. After deparaffinization and re-hydration of fixed lung tissue sections, actin polymerization was visualized using selective fluorescent probes with very high affinity for F-actin, G-actin and nuclei (Alexa Fluor 488 conjugated phalloidin, Alexa Fluor 594 conjugated DNase I and DAPI respectively) according to manufacturer protocols, Invitrogen (Carlsbad, CA). Lung tissue sections were then visualized with confocal microscopy (Zeiss LSM 510 META, Peabody,MA), and relative intensities of F-and G-actin from low power images (206 magnification) were analyzed by the National Institutes of Health ImageJ 1.37v software.
Statistics
Data are shown as mean6standard deviations. Since values were not normally distributed log 10 transformations were performed to normalize the data, permitting the application of parametric statistics as described previously [26] . Comparisons between groups were performed using t-tests or one-way ANOVA as indicated. Intergroup differences were analyzed by Tukey's multiple comparison test. A P value of ,0.05 was considered significant. Data were analyzed using GraphPad Prism 4. In instances when all tested conditions could not be performed on a single day, data were normalized (for each experimental condition) to control conditions performed on the same day.
Results

High tidal volume mechanical ventilation causes pulmonary vascular permeability
In order to determine the role of MV with varying tidal volume on lung injury, adult male wild type (WT) C57BL/6J mice were allowed to breathe spontaneously (control) or exposed to MV at 7 ml/kg (LV T ) and 20 ml/kg (HV T ) for 4 hours. Capillary leakage was assessed by pulmonary extravasation of EBD and wet-to-dry lung weight ratios as detailed in Materials and Methods. As shown in Figure 1 , there was a significant increase in EBD extravasation and wet-to-dry lung weight ratios in animals exposed to HV T as compared to LV T or spontaneous breathing. Exposure of animals to LV T on the other hand caused no changes in these values as compared to controls (Figure 1 ).
High tidal volume mechanical ventilation activates the p38 MAP kinase-MK2-HSP25 signaling cascade
Immunoblot analysis for phospho-specific (active) and total isoforms of p38 MAP kinase, MK2 and HSP25 was performed on lung tissue homogenates obtained from wild type mice subjected to MV with LV T or HV T for 0 (control), 30 min, 60 min, 120 min or 240 min. As demonstrated in Figure 2 , MV at HV T , but not LV T or spontaneous breathing conditions, induces phosphorylation of p38 MAP kinase, MK2 and HSP25. Densitometric analysis reveals an initial peak of phosphorylation identified at 60 minutes for each effector of the p38 MAP kinase-MK2-HSP25 signaling cascade.
Since our prior work had shown that HSP27 phosphorylation was necessary for stress fiber formation in vitro [9] , we next sought to determine the role of p38 MAP kinase and MK2 on HSP25 (murine homologue of HSP27) phosphorylation on actin polymerization and stress fiber formation in response to mechanical stress in vivo. Mice were pretreated with the p38 MAP kinase inhibitor SB203580 (2 mg/kg, i.p.) and MK2 inhibitory peptide KKKALNRQLGVAA (2 mg/kg, i.p.) given one hour prior to MV. Immunoblot analysis for phospho-and total HSP25 was performed on lung homogenates of mice exposed to one hour of HV T of MV, a time point when HSP25 phosphorylation is at its peak ( Figure 2C ). As shown in Figure 3 , both chemical inhibitors effectively decreased HSP25 phosphorylation indicating that p38 MAP kinase and MK2 are upstream of, and required for, HSP25 phosphorylation. In parallel experiments, lung homogenates obtained from MK2 2/2 mice exposed to MV with HV T displayed normal amounts of total HSP25, however, without evidence of activation (i.e., phospho-HSP25) in response to HV T MV (Figure 3 ), further suggesting that MK2 is necessary for HSP25 phosphorylation in response to mechanical stress.
High tidal volume mechanical ventilation induces actin polymerization
As our laboratory has demonstrated increased stress fiber formation with MK2 activation and HSP27 phosphorylation in vitro [9] , we next explored the potential effect of activation of the p38 MAP kinase-MK2-HSP25 signaling pathway on actin polymerization in response to HV T MV. Lung tissue sections obtained from mice exposed to MV were probed for F-actin and G-actin, as detailed in Materials and Methods. As demonstrated in Figure 4 , there was significant actin polymerization, as evidenced by an increase in the F-actin to G-actin ratio, in response to MV at HV T but not LV T . In addition, pretreatment of mice with the p38 MAP kinase inhibitor SB203580 or the MK2 inhibitory peptide KKKALNRQLGVAA significantly abrogated the increase in Factin to G-actin ratio. Finally, MK2
2/2 mice displayed a low Factin to G-actin ratio at baseline (compared to wild type counterparts) and failed to increase this ratio in response to HV T MV. Taken together, these results indicate that MV at HV T (but not LV T ) results in actin polymerization which is dependent on activation of p38 MAP kinase and MK2 with subsequent HSP25 phosphorylation.
Inhibition of the p38 MAP kinase-MK2-HSP25 pathway prevents lung injury in response to high tidal volume mechanical ventilation
We then sought to test the role of p38 MAP kinase-MK2-HSP25 activation and resultant actin polymerization on the development of pulmonary capillary leakage. Mice pretreated with SB203580, KKKALNRQLGVAA or vehicle were exposed to 4 hr of HV T MV after which capillary leakage was assessed. As shown in Figure 5 , inhibition of p38 MAP kinase with SB203580 and MK2 with KKKALNRQLGVAA prevented the increase in EBD extravasation and wet-to-dry lung weight ratio as compared to vehicle treatment. In addition, MK2
2/2 mice were resistant to pulmonary capillary leakage in response to HV T MV.
Discussion
In summary, our results demonstrate that mechanical stress imparted by HV T MV causes significant pulmonary capillary permeability, as compared to LV T MV and spontaneously breathing conditions, in an in vivo murine model of VALI. We provide evidence that MV at HV T , but not LV T or spontaneous breathing conditions, results in activation of the p38 MAP kinase-MK2-HSP25 signaling pathway and that inhibition of p38 MAP kinase or its downstream effector, MK2, prevents pulmonary capillary permeability in response to HV T MV. We further demonstrate that prevention of pulmonary vascular leakage is associated with decreased phosphorylation of HSP25 and inhibition of actin polymerization.
We have previously demonstrated using a similar murine model of VALI that high tidal volume MV without additional stimulus such as LPS (i.e., one hit model) causes significant pulmonary capillary leakage in the absence of pulmonary inflammation (e.g., neutrophil infiltration) [6, 19, 27] . Other groups, also using a similar model of VALI, have demonstrated that neutrophil influx occurs only after prolonged MV at HV T , i.e., eight hours of exposure [7] . Compared to LV T and spontaneously breathing conditions, HV T MV for four hours causes significant pulmonary capillary leakage as assessed by pulmonary extravasation of Evans blue dye and an increase in wet-to-dry weight lung ratio.
A potential role for p38 MAP kinase in VALI has been previously demonstrated by us and other investigators [6, 7, 8, 19] . We have recently shown that inhibition of p38 MAP kinase prevents alveolar cell apoptosis as well as activation of the enzyme xanthine oxidoreductase, a generator of oxygen radicals [6, 19] . Dolinay et al recently reported that deletion of MAPK kinase 3 (MKK3, an upstream activator of p38 MAP kinase), although sufficient in diminishing markers of apoptosis, was in fact not protective of lung injury (as assessed by broncho-alveolar lavage fluid protein levels, EBD extravasation and wet-to-dry lung weight ratios) upon exposure to injurious MV [7] . Since p38 MAP kinase Figure 1 . High tidal volume mechanical ventilation causes lung injury. C57BL/6J mice were randomized to spontaneous breathing (Control), LV T (7 ml/kg), and HV T (20 ml/kg) MV for 4 hours and EBD extravasation and wet-to-dry lung weight ratios were assessed A. The amount of EBD extravasation after MV at HV T was significantly higher compared to MV at LV T or spontaneous breathing (8.51 mg60.68, 5.67 mg61.12 and 5.82 mg60.37 respectively), B. The wet-to-dry lung weight ratio was significantly higher after MV at HV T compared to MV at LV T is activated by both MKK6 and MKK3 [28] , the activity of p38 MAP kinase in response to HV T MV is likely incompletely suppressed, if at all, in the context of MKK3 deficiency alone, and was not evaluated in the described work [7] . Our results clearly show that inhibition of p38 MAP kinase with SB203580 is effective, as evidenced by decreased phosphorylation of downstream effectors (Figure 3) , and is protective against HV T MV induced increases in pulmonary capillary leakage. Furthermore, pharmacologic inhibition (i.e., treatment with the peptide KKKALNRQLGVAA) or genetic disruption (i.e., use of MK2 2/ 2 mice) of MK2 is also protective against pulmonary capillary permeability in response to HV T MV.
We have previously shown that over-expression of constitutively active MK2 in endothelial cells results in increased stress fiber formation and paracellular gaps, an effect that is blocked by overexpressing dominant negative MK2 [9] . Additionally, overexpressing a phosphomimicking mutant HSP27 (non-murine homologue of HSP25), the downstream effector of MK2, causes formation of stress fibers and paracellular gaps [9] . Visualization and quantification of actin stress fibers from in vivo studies has been thus far technically very challenging and, to our knowledge, has not been reported. Monomeric G-actin is known to polymerize to form filamentous F-actin [10, 29] . Since actin stress fibers are bundles of actin filaments [30, 31] , we elected to quantify the amount of filamentous actin (F-actin) relative to the amount of monomeric actin (G-actin). In the present study, we demonstrate an increase in F-actin to G-actin ratio in response to HV T MV, as compared to mice ventilated at LV T or spontaneously breathing mice, indicating considerable cytoskeletal remodeling and an increase in the proportion of stress fibers. Although there may be changes in actin polymerization as early as 60 min in response to activation of p38 MAPK signaling, we chose to investigate the time point corresponding to increases in vascular permeability (i.e., 240 min) in order to correlate the cytoskeletal changes with endothelial barrier dysfunction, a correlation well described in vitro [13, 16, 32, 33, 34] , Furthermore, we demonstrate that inhibiting p38 MAP kinase or MK2 prevents phosphorylation of HSP25 and actin polymerization in response to MV at HV T (Figure 4 ). Our in vivo findings of increased actin polymerization are consistent with validated in vitro models of mechanical stress [13, 35] . Chaudhuri et al recently demonstrated that airway smooth muscle cells exposed to cyclic strain induced HSP27 phosphorylation and resulted in actin stress fiber formation which was prevented by the p38 MAP kinase inhibitior SB203580 or by transfecting cells with nonphosphorylatable HSP27 [35] . In addition, Birukov et al have demonstrated that cultured endothelial cells exposed to pathologic cyclic stretch undergo increased stress fiber formation and are significantly more sensitive to thrombin-induced paracellular gap formation and barrier dysfunction as measured by transmonolayer electrical resistance [13] . Taken together with our prior work [9] , our results suggest that HV T MV results in phosphorylation of p38 MAP kinase, activation of MK2, and phosphorylation of HSP25, a process that causes actin to disassociate from HSP25 and polymerize to form stress fibers, which ultimately leads to paracellular gaps and increased vascular permeability. Furthermore, inhibiting p38 MAP kinase or its downstream effector MK2 prevents the phosphorylation of HSP25 and protects from vascular permeability by abrogating actin stress fiber formation and cytoskeletal rearrangement ( Figure 6 ). It is possible that other mechanisms (i.e., apoptosis, oxidant injury) are involved in endothelial barrier dysfunction in response to HV T MV [36] . However, evaluating the potential role of p38 MAP kinase signaling in mediating apoptosis or oxidant injury through modulation of the cytoskeleton is beyond the scope of the present study but warrants further investigation.
Although our model creates a reproducible and reliable measure of vascular permeability as a result of mechanical stress, it lacks the ability to localize the site of vascular permeability (pre-capillary, capillary or post-capillary). Low-power field images (Figure 4 ) demonstrate diffuse F-and G-actin staining. However, Parker et al have shown that the microvascular segments, as opposed to the arterial or venular segments, experienced the most increase in permeability as measured by K f , the filtration coefficient, in response to high peak pressure ventilation (i.e., larger tidal volumes) [37] . In addition, the alveolar-capillary unit is the major interface for MVrelated mechanical stress. Finally, we have recently demonstrated in our model that alveolar epithelial and endothelial cells are the targets of mechanical stress and undergo apoptosis in response to HV T MV [38] . Taken together, the capillary unit is likely the main site contributing to vascular permeability in this VALI model. 2/2 mice were exposed to MV at HV T for 0 or 60 minutes (peak of HSP25 phosphorylation), after which lungs were harvested for immunoblotting for phosphorylated HSP25. A subset of wild type mice were pretreated with the p38 MAP kinase inhibitor SB203580 or the MK2 inhibitor KKKALNRQLGVAA. A representative Western blot indicates that chemical inhibition of p38 MAP kinase or MK2 abrogates the phosphorylation of HSP25 and that MK2 2/2 mice fail to phosphorylate HSP25 after exposure to HV T MV. Densitometric analysis confirms that the ratio of phospho-HSP25/total-HSP25 peaks is significantly inhibited with inhibition of p38 MAP kinase and MK2 after 60 min of HV T MV. * P,0.05 (vehicle vs wild type counter parts). N = 3-4 mice per condition. doi:10.1371/journal.pone.0004600.g003
Interestingly, this segmental pattern seems to be stimulus specific since post-capillary, venular, segments are mostly affected in response to ischemia-reperfusion injury [39] .
It is noteworthy that the use of the p38 MAP kinase chemical inhibitor SB203580, although extensively used to address the role of p38 MAP kinase by numerous laboratories, may elicit some non-specific effects [28, 40] . However, this problem is circumvented in part by the use of fairly specific inhibitors acting at different sites (i.e., SB203580 and KKKALNRQLGVAA for p38 MAP kinase and MK2, respectively) of the p38 MAP kinase-MK2-HSP25 signaling cascade. Furthermore, the use of MK2-deficient mice complements our pharmacological inhibitory studies and confirms the relevance of the p38 MAP kinase-MK2-HSP25 signaling pathway in actin polymerization and endothelial barrier dysfunction in VALI.
Although the present study strongly supports a role for p38 MAP kinase signaling via MK2 in cytoskeletal remodelingmediated VALI, we cannot rule out the contribution of other signaling pathways (e.g., myosin light chain kinase and Rho kinases) that are known to regulate cytoskeletal remodeling in vascular permeability. However, thrombin induced endothelial monolayer dysfunction (as measured by transendothelial electrical resistance) appears to be regulated by p38 MAP kinase activation in a myosin light chain phosphorylation independent manner [16] . In addition, Chaudhuri et al recently reported that phosphorylation of HSP27 and Rho kinase can produce stress fibers independently in response to cyclic strain [35] .
In summary, this study demonstrates for the first time that inhibition of MK2 prevents lung injury in response to mechanical stress related VALI. We further provide evidence that the effects of 2/2 mice were randomized to spontaneous breathing or MV at LV T (7 ml/kg) and HV T (20 ml/kg) for 240 minutes (4 hrs). Lung tissue sections were prepared and stained for Gactin, F-actin and nuclei as described in the Methods section. A. Representative images (1006 images and inset 206) from wild type spontaneously breathing (Control) mice or those exposed to MV at LV T or HV T for 4 hrs. B. Representative images (1006images and inset 206) from wild type mice pretreated with the p38 MAP kinase inhibitor SB203580, MK2 inhibitor KKKALNRQLGVAA or MK2 2/2 mice exposed to MV at HV T for 4 hrs. Images from MK2 2/2 mice exposed to spontaneous breathing conditions (not shown) are not different from those from mice exposed to HV T MV. C. Relative intensity of F-actin and G-actin was assessed from greater than 60 random images at low power (206magnification) per condition and graphed as Factin to G-actin ratio to represent actin polymerization. The F-actin to G-actin ratio after MV at HV T was significantly higher compared to MV at LV T or pre-treatment with SB203580, KKKALNRQLGVAA (3.0261.0, 1.5560.69, 1.5660.19 and 0.9760.34, respectively). Control represents spontaneously breathing conditions. MK2-deficient mice have a lower F-actin to G-actin ratio at baseline and are unable to polymerize actin in response to MV at HV T (0.6360.29 at control conditions and 0.6760.28 after MV at HV T . * P,0.05 (vehicle vs all others). There was no statistical difference in the F-actin to G-actin ratio between MK2 2/2 mice under control conditions and those exposed to 4 hr of HV T MV. N = 3-4 mice per group. doi:10.1371/journal.pone.0004600.g004 Figure 5 . Inhibition of the p38 MAP kinase-MK2-HSP25 pathway prevents pulmonary capillary permeability in response to high tidal volume mechanical ventilation. Wild type and MK2 2/2 mice were randomized to spontaneous breathing (Control) or HV T MV for 4 hours, and EBD extravasation and wet-to-dry lung weight ratios were assessed. A subset of wild type mice were pretreated with vehicle (DMSO), the p38 MAP kinase inhibitor SB203580 or the MK2 inhibitor KKKALNRQLGVAA. A. The amount of EBD extravasation after MV at HV T was significantly higher in mice treated with vehicle compared to mice treated with SB203580, KKKALNRQLGVAA or untreated MK2 2/2 mice (1.6460.35 Vs. 1.0860.1, 1.0160.07 and 1.0660.21 respectively), EBD extravasation after MV at LV T and HV T for 4 hr without treatment is also shown for comparison. B. The wet-to-dry lung weight ratio after MV at HV T was significantly higher in mice treated with vehicle compared to treatment with SB203580, p38 MAP kinase and MK2 on capillary permeability are partly related to cytoskeletal rearrangement and actin polymerization via HSP25 phosphorylation.
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Found at: doi:10.1371/journal.pone.0004600.s001 (0.06 MB DOC) Figure 6 . Schematic of p38 MAP kinase-MK2-HSP25 pathway. Activation of p38 MAP kinase by mechanical ventilation results in phosphorylation of MK2 and HSP25 leading to disassociation of monomeric actin from HSP25 and actin stress fiber formation mediated vascular permeability. SB203580 or KKKALNRQLGVAA treatment inhibits HSP25 phosphorylation and prevents actin stress fiber formation and vascular permeability. doi:10.1371/journal.pone.0004600.g006 KKKALNRQLGVAA or MK2 2/2 untreated mice (1.1560.04 Vs. 1.0460.03, 0.8760.19 and 1.0260.03, respectively). Wet-to-dry lung weight ratio after MV at LV T and HV T for 4 hr without treatment is also shown for comparison. EBD extravasation and wet-to-dry lung weight ratios were similar in MK2 2/2 mice and wild type mice under spontaneous breathing conditions (data not shown). * P,0.05 (Vehicle vs all others); { P,0.05 (HV T vs LV T ). N = 4-6 per group. doi:10.1371/journal.pone.0004600.g005
